ABSTRACT: A total of 121 steers (162 ± 3.0 kg BW and 148 ± 2.7 d old) were used to study the effect of dietary energy density and meal size (limiting the amount of concentrate delivered at each feeder visit) on performance, hormones associated with the regulation of intake, and carcass and meat quality. Steers were allocated by BW to 6 pens. Each pen had the same BW mean and CV, and pens were randomly assigned to 3 treatments (2 pens/ treatment): a concentrate of moderate energy density (3.23 Mcal ME/kg, 6.2% ether extract) fed for ad libitum intake with no control on meal size (CTR), a concentrate of high-energy density (3.43 Mcal ME/kg, 8.3% ether extract) fed for ad libitum intake with no control on meal size (HE), and the same high-energy concentrate offered for ad libitum intake but with meal size limited to a maximum concentrate delivery of 0.6 kg DM/visit (HELM). Body weight was recorded every 14 d; concentrate consumption and eating pattern were recorded daily. On d 163, blood samples were collected to determine serum concentrations of leptin, ghrelin, glucagon-like peptide-1 (GLP-1), cholecystokinin (CCK), glucose, and insulin. After slaughter (on d 166 to 170), the 9-10-11 rib section was removed to estimate separable bone, lean, and fat.
Meat quality of LM was analyzed. Data were analyzed using a mixed-effects model with repeated measures. Steers in the HELM treatment had a lower (P < 0.01) final BW and ADG than CTR and HE steers. Concentrate intake was greater (P < 0.001) in CTR (6.6 ± 0.10 kg/d) than in HE steers (5.7 ± 0.10 kg/d), and HELM (5.2 ± 0.10 kg/d) consumed less concentrate than CTR and HE steers. However, HE and HELM steers were more (P < 0.01) efficient than CTR steers. The mean number of daily meals and eating rate were less (P < 0.05) for HELM than for HE or CTR. At d 163, serum concentrations of GLP-1, CCK, and insulin were lower (P < 0.05), and leptin (P = 0.10) and glucose (P = 0.08) concentrations tended to be lower for HELM than for CTR or HE. Carcass conformation and HCW were less (P < 0.05) for HELM than for CTR. Although differences among treatments were observed in carcass fat cover, intramuscular fat did not differ among treatments. Limiting the amount of feed delivery per feeder visit in steers fed high-energy (fat) diets affected eating pattern, reduced total energy consumption and performance, and modified hormones related to intake compared with CTR and HE, but no effect on rib fat distribution and meat quality was observed.
INTRODUCTION
When castration is performed at prepubertal ages, carcass weight and carcass classification (conformation and fat) are compromised (Marti et al., 2013) . Supplementing diets with fat has been proposed as a potential strategy to increase dietary energy density and improve energy intake and performance (Hess et al., 2008) . However, high-fat diets can affect eating pattern (Heinrichs et al., 1982; Devant et al., 2013) , and supplementing fat above 6% to 7% of DM may decrease intake to a level at which G:F is maintained or decreased (Choi and Palmquist, 1996; Krehbiel et al., 2006) . In addition, different authors (Golden et al., 2008; Devant et al., 2010; Montanholi et al., 2010) have reported a negative relationship between meal size and ADG and feed efficiency in steers. Steers that have small meal sizes usually visit the feeder more frequently , and different authors (Cammack et al., 2005; Kelly et al., 2010) have observed a positive relationship between number of feeder visits and feed efficiency and ADG. Reduced meal sizes might enhance animal performance, prevent fluctuations in rumen pH, and increase efficiency of nutrient utilization, as observed in studies in which steers were limit fed and feeder visits increased (Cecava et al., 1990; Soto-Navarro et al., 2000) . To our knowledge, no studies have been published in which meal size was limited. In the present study, we hypothesized that limiting meal size without limiting total daily feed consumption could improve ADG and feed efficiency in steers fed high-energy (fat) density diets. Therefore, the aim of this study was to evaluate the effect of dietary energy density and meal size limitation on eating pattern, intake, growth, and hormones associated with the regulation of nutrient intake in Holstein steers fed highconcentrate diets. In addition, because limiting meal size could affect nutrient availability, its effect on carcass and meat quality was also evaluated.
MATERIALS AND METHODS

Animals, Housing, and Diets
One hundred twenty-one Holstein steers (162 ± 3.0 kg BW and 148 ± 2.7 d old) were reared on a commercial farm (Montgai, Spain) in 6 pens of 20 animals each (2 pens/treatment). Animals were castrated using rubber rings following Marti et al. (2010) before the beginning of the study. Each pen had 1 computerized concentrate feeder (GEA Surge, Westfalia, Germany) to record daily concentrate consumption (Devant et al., 2012) , 1 straw feeder with 7 feeding spaces, and 1 drinker. Concentrate, straw (3.5% CP, 1.6% EE, 70.9% NDF, and 6.1% ash, on a DM basis), and water were offered for ad libitum intake in all treatments. Each calf visit to the computerized feeder was signaled by a transponder placed in the left ear of each calf that was detected by an antenna located at the feeder. Once a calf was detected, bouts of 100 g of concentrate DM were delivered every time that a sensor placed at the bottom of the trough detected that no feed was present. The computerized feeder allowed limiting the number of delivery bouts for each visit, so meal size could be limited. Each pen was randomly assigned to 1 of the 3 dietary treatments: a control concentrate fed for ad libitum intake (CTR), a high-energy concentrate fed for ad libitum intake (HE), and a high-energy concentrate fed for ad libitum intake but with meal size of concentrate delivered at each visit limited to 0.6 kg DM, although total daily intake was not limited (HELM). The limit was set to 0.6 kg DM/visit on the basis of results by Devant et al. (2012) that demonstrated an increase in efficiency from 0.23 to 0.27 kg/kg . In CTR and HE treatments, no meal size limit was set. The CTR concentrate was formulated to provide 3.23 Mcal ME/kg and 6.17% ether extract (EE ; Table 1) , and HE and HELM were fed the same concentrate that was formulated to provide more energy on the basis of fat supplementation (3.43 Mcal ME/kg and 8.29% EE). Animal BW was recorded every 14 d until animals were transported to the slaughterhouse. The amount of straw offered to each pen was recorded to estimate total amount of straw consumed. However, because straw was also used for bedding, data are estimates of total straw intake, but the error for prediction of true straw intake is randomized among treatments. The G:F was calculated on the basis of only concentrate consumption. All animals used in this study were managed following the principles and specific guidelines of the Institut de Recerca i Tecnologies Agroalimentàries Animal Care Committee (number 4169).
Chemical Analyses
Feed samples were analyzed for DM (24 h at 103°C), ash (4 h at 550°C), CP using the Kjeldahl method (AOAC, 1995) , NDF following Van Soest et al. (1991) , including sodium sulfite and α-amylase, and fat by Soxhlet with a previous acid hydrolysis (AOAC, 1995) .
Measurements and Sample Collection
Data pertaining to eating behavior and concentrate intake (mean, CV, minimum, and maximum) were averaged for each 14-d period following Devant et al. (2012) , with a total of 12 periods (period 12 had only 6 d) throughout the study. At d 163, the last control day before slaughter, a 10-mL blood sample was collected (BD Vacutainer EDTA aprotinin Tube, BD Vacutainer, Franklin Lakes, NJ) by jugular venipuncture from all animals for subsequent ghrelin, glucagon-like peptide-1 (GLP-1), leptin, and cholecystokinin (CCK) analyses. Also, a 10-mL blood sample was collected (BD Vacutainer Nonadditive Tube, BD Vacutainer) by jugular venipuncture from all animals for subsequent insulin and glucose analyses. All blood samples were centrifuged at 1,500 × g at 4°C for 15 min, and serum was recovered and stored at -20°C until further analysis.
Total serum ghrelin determinations were conducted at the Unidad de Fisiología Animal, Institut de Neurociències (Universitat Autònoma de Barcelona, Barcelona, Spain) using a human ghrelin RIA with cross reactivity with bovine ghrelin (Miagnost, Reutlingen, Germany); the intra-and interassay CV were 4.0% and 6.8%, respectively. Likewise, GLP-1 was determined by RIA using a human GLP-1 RIA with cross reactivity with bovine GLP-1 (Phoenix Pharmaceuticals Inc., Burlingame, CA) and an intra-assay CV of 3.8%. Leptin was determined by RIA using a multispecies leptin RIA (Millipore, Bedford, MA) with intra-and interassay CV of 5.9% and 7.8%, respectively. Cholecystokinin was also determined using RIA with CCK-8 sulfate RIA (Euro-diagnositca, Malmö, Sweden) with intra-and interassay CV of 3.8% and 8.9%, respectively. Insulin determinations were conducted using RIA with a porcine insulin RIA kit with cross reactivity with bovine insulin (Millipore) with intra-and interassay CV of 3.0% and 9.0%, respectively. Serum glucose was determined using a glucose ready-to-use (RTU) kit (bioMerieux S.A., Marcy l'Etoile, France) with intra-and interassay CV of 1.4% and 1.7%, respectively.
Carcass Measurements
At d 166 (n = 46), 167 (n = 46), and 170 (n = 29), steers were randomly selected within treatment and transported to a commercial slaughterhouse (Mercabarna, Barcelona, Spain) . Animals from the different treatments were not mixed in the truck. The transportation distance was 128 km. Animals were stunned using a captive-bolt pistol and dressed according to commercial practices. The HCW was recorded, and degree of carcass fatness and conformation were graded according to the EU classification system into 1.2.3.4.5 (EU Regulation number 1208/81) and into (S) EUROP categories (EU Regulation number 1026/91), respectively. Conformation class E (excellent) describes carcasses with all profiles convex to superconvex and with exceptional muscle development, whereas the conformation classified as U (very good) presents profiles that are on the whole straight with good muscle development. Carcasses classified as R (good) present profiles that are on the whole straight with good muscle development. Carcasses classified as O (fair) present profiles straight to concave, with average muscle development, while carcasses classified as P (poor) present all profiles concave to very concave with poor muscle development. In addition, the degree of fat cover describes the amount of fat on the outside of the carcass and in the thoracic cavity. The class of fat cover that classifies as 1 (low) describes no to low fat cover, whereas the class covered with fat that is classified as 5 (very high) describes an entire carcass covered with fat with heavy fat deposits in the thoracic cavity. After 24 h of carcass chilling, carcass measurements such as length of carcass, depth of chest, length of leg, and maximum width of leg were recorded (De Boer et al., 1974) . Also, a bone-in rib section between the 9th and 11th ribs was removed from the right side of each carcass as outlined by Hankins and Howe (1946) and was transported to the laboratory for subsequent analyses.
Meat Quality Measurements
The dissections of the 9-10-11 ribs were used to determine physically separable fat, lean, and bone and to predict carcass composition using the equations described by Hankins and Howe (1946) . Muscle pH was measured after 24 h using a Crison portable pH meter equipped with a xerolyt electrode inserted in the LM muscle at the 11th rib. Instrumental color measurements were recorded at 24 h postmortem for L* (lightness), a* (redness), and b* (yellowness) using a Minolta colorimeter (CR-400, Minolta Inc., Osaka, Japan) in the CIE-LAB space (Commission Internationale de l'Éclairage, 1976) with illuminant D65 and 2° viewing angle on the exposed cut surface of the LM muscle between the 10th and 11th ribs after 30 min bloom time and also the nonexposed surface of subcutaneous fat between the 10th and 11th ribs previously collected in the slaughterhouse from the right side of each carcass.
The LM was removed from each rib section and cut into 4 steaks (2.5 cm each), which were individually vacuum packaged and stored in a refrigerator at 4°C for 0 and 7 d of aging, then frozen at -20°C until sensory analysis and Warner-Bratzler shear force (WBSF) evaluation. The remaining steak of the LM was vacuum packaged and stored at -20°C until determination of intramuscular (i.m.) fat content and fatty acid (FA) composition. Before WBSF determinations, steaks were thawed for 24 h at 2°C, wrapped in aluminum foil, and cooked to an internal temperature of 71°C in an oven preheated to 200°C. Sample internal temperature was monitored with a data logger and a thermocouple probe inserted horizontally at the steak midpoint. Cooked steaks were cut into six 1-cm 2 cross sections that were 3 cm long with the fiber direction parallel to the longest dimension of the strip and perpendicular to the direction of the blade. The WBSF was measured using a texture analyzer Alliance RT/5 (MTS Systems Corp., Eden Prairie, MN) equipped with a Warner-Bratzler blade with crosshead speed set at 2 mm/s.
The collagen, i.m. fat, moisture, and protein contents of LM were determined with the near-infrared transmission technique (FoodScan analyzer, Type 78800, FOSS, Hilleroed, Denmark). A subsample of 5 g was used to determine FA composition. Fat was extracted as described by Folch et al. (1957) . The fatty acids from the extract were separated, and 412 μL internal standard (C19:0, Fluka, Buchs, Switzerland) was added to quantify individual FA. The FA was quantified as FA methyl esters (FAME) using 25 mL of sodium methylate and 30 mL of paratoluensulfonic acid for transesterification. The sample was methylated by incubation in a sand bath at 80°C for 50 min. For FAME solubilization 20 mL of heptane were used. An aliquot of 0.5 μL was introduced by split injection into a capillary column (60 m × i.d. 0.25 mm, Agilent HP88; 0.25-µm film thickness, Barcelona, Spain). Helium was the carrier gas at 1.4 mL/ min. Column temperature was initially set at 80°C, then increased by 8°C/min to 145°C and then to 220°C by 2°C/min. Individual FAME were identified by retention time with reference to Supelco 37 Component FAME Mix (47885-U, Sigma Chemical Co., St. Louis, MO).
Statistical Analyses
Meal criteria (maximum amount of time between visits to the feed troughs to consider a visit as a part of the same meal) were calculated using a model composed of 2 or 3 normal distributions resulting from the natural logarithm of time (in seconds) between feed trough visits as described by Bach et al. (2006) . Meal criteria were calculated for each calf and each 14-d period. Then, visits to the automatic feeders were separated into meals, and meal frequency, duration, and size and intermeal duration were calculated. Eating pattern data (average, CV, minimum, and maximum) were summarized and calculated for each 14-d period.
Pen was considered the experimental unit, and animals were considered the sampling units. The experimental unit is not solely defined by the smallest unit on which the treatment is applied. It is the unit on which all uncontrolled factors are occurring at random. This is why in the present study the animals could not be considered the experimental unit (mainly because all the animals in a pen belonged to the same treatment). Therefore, power analyses were conducted to ensure that 2 replicates per treatment would not compromise statistical power. The power analyses were conducted for the primary outcomes (ADG and G:F) based on the hypothesis, SD of these parameters between pens observed in previous studies conducted under the same study conditions (Devant et al., 2012; Marti et al., 2013) , expected differences among treatments based on the study hypothesis , an α of 0.05, and a power of 0.80. The power analyses indicated a total of 2 replicates (pens) per treatment were necessary to detect differences among treatments. In instances where measurements on individual animals were possible, animals were included in the analyses as a sampling unit and not experimental units (like a repeated measure typically seen with several determinations on the same animal over time). This allowed the use of covariate measurements on the animals (sampling units). So the covariate adjustments were done on the individual animals. The pen effect (and its interactions) was corrected for the animals and their initial weight. Eating behavior and performance data were analyzed using a mixed-effects model with repeated measures (SAS Inst. Inc., Cary, NC). The model included initial BW as a covariate, treatment, period (14-d period), and the interaction between treatment and period as fixed effects, and the interaction between treatment and pen and the 3-way interaction between treatment, pen, and period as random effects. Period was considered a repeated factor, and for each analyzed variable, animal nested within the interaction between treatment and pen (the error term) was subjected to 3 variance-covariance structures: compound symmetry, autoregressive order 1, and unstructured. The covariance structure that yielded the smallest Schwarz's Bayesian information criterion was considered the most desirable analysis. Initial BW and age and final BW; meat quality data such as meat pH, color, i.m. fat, WBSF at d 0 and 7 of aging, and FA; and rib dissection data were analyzed using a mixedeffects model (SAS Inst. Inc.) including treatment as a fixed effect and pen as a random effect. Data for hormones associated with the regulation of nutrient intake were analyzed with the same model as described above, but BW, time between last meal and blood sampling, and the amount of feed in the last meal before blood sampling were included as covariates. Also, the WBSF at d 7 of aging were analyzed, including WBSF at d 0 of aging as a covariate (no statistical differences among treatments were observed for WBSF on d 0). Carcass conformation and fatness were analyzed with the PROC FREQ of SAS with the χ 2 distribution procedure (SAS Int. Inc.). Significance was established at P < 0.05, and trends are discussed as P ≤ 0.10.
RESULTS
Performance and Concentrate Consumption
Performance data and eating behavior data are presented in Table 2 . The limitation of meal size by limiting the amount of concentrate delivery in each visit in steers fed high-energy concentrate (HELM) resulted in a 15.7% and 10.3% concentrate intake reduction (P < 0.001) compared with CTR and HE steers, respectively. In addition HELM steers had lower (P < 0.001) final BW and ADG than CTR and HE steers. Although concentrate intake for HE was 6.4% less (P < 0.001) than for CTR, no differences in final BW and ADG were observed between CTR and HE. Moreover, G:F was greater (P < 0.001) in HE and HELM steers than in CTR steers. Straw intake did not differ among treatments (650 ± 161, 652 ± 161, 600 ± 161 g DM/d for CTR, HE, and HELM, respectively), and the concentrate-to-straw ratio of 90:10 (data not shown) observed herein is within the range reported for Holstein bulls fed high-concentrate diets (Robles et al., 2007; Mach et al., 2009 ) and did not differ among treatments. a,b Means within a row not bearing a common letter differ (P < 0.05).
1 Trt = treatment; Per = period (each period was 14 d).
2 G:F was calculated on the basis of concentrate intake.
Eating Behavior
An interaction between treatment and period (P < 0.001) was observed in mean daily concentrate intake, number of daily meals, meal size, intermeal duration, and meal eating rate, and a tendency (P = 0.08) was observed in meal duration. Eating behavior (Table 2) was highly variable among periods (P < 0.001), with an interday CV of the different eating pattern parameters ranging between 16% and 30%.
Eating pattern differed between HELM and treatments with no meal size restriction (CTR and HE). Steers receiving HELM had a more constant eating pattern throughout the study compared with CTR and HE steers. The meal size of HELM steers was limited by restricting concentrate delivery to 0.6 kg/visit, resulting in an average meal size of 0.55 kg/meal, and it remained constant throughout the study. The meal size of CTR and HE steers was 43.3% and 40.2% greater (P < 0.001), respectively, than that of HELM steers. Moreover, the meal size in CTR and HE increased throughout the study (P < 0.05), and in some periods (2, 5, 11, 12) the meal size of CTR steers was greater (P < 0.05) than that of HE steers. Throughout the study HELM steers visited the feeder more frequently (P < 0.001) than CTR and HE steers. The number of daily meals in the CTR and HE treatments did not follow a clear pattern throughout the study. The meal duration of HELM steers was steady, with an average of 7.0 ± 0.46 min/meal throughout the study, which was approximately 3 min less (P < 0.001) than the meal duration of CTR and HE steers. The meal duration for CTR steers peaked in the second period, whereas for HE steers it peaked in the third period, and no differences in the other periods were observed between CTR and HE steers. In addition, the intermeal duration of HELM steers was less (P < 0.001) than the intermeal duration of HE and CTR steers throughout the study. No differences were observed in the mean intermeal duration between CTR and HE steers. The HELM steers maintained an eating rate that was practically constant during the entire study and was less (P < 0.001) than that observed for CTR and HE steers. At the end of the study, the eating rate of CTR and HE steers increased (with no differences between these 2 treatments).
Hormones Participating in Feed Intake Regulation
Serum concentrations of leptin, CCK, and GLP-1 were influenced by BW and the time that elapsed between the last meal and blood sample collection. No differences among treatments were observed in serum total ghrelin concentration (Table 3) . Steers in the HEML treatment tended (P = 0.10) to have a lower serum leptin concentration compared with HE steers. In addition, serum GLP-1 concentration was lower (P < 0.05) for HELM steers than for CTR and HE steers. Serum CCK concentration was greater (P < 0.05) in HE than in HELM steers, and no differences were observed between the serum CCK concentrations of HE and CTR steers or HELM and CTR steers. Steers receiving HELM tended (P = 0.10) to have a lower serum glucose concentration compared to CTR and HE steers. The serum insulin concentration and insulin-to-glucose ratio were greater (P < 0.05) in HE steers than in CTR and HELM steers, and the serum insulin concentration of CTR steers was greater (P < 0.001) than that of HELM steers.
Carcass and Meat Quality
Hot carcass weight was lower (P < 0.001) in HELM than in CTR and HE steers (Table 4) . A greater (P < 0.05) proportion of carcasses classified as P (the lowest carcass conformation according to the EU beef carcass conformation scheme) was observed for HELM than for CTR or HE. Furthermore, the length of the carcass was larger (P < 0.05) for CTR and HE than for HELM. No differences were observed among treatments in the depth of the chest or length or width of the legs (Table 4) . Carcass fatness tended (P = 0.10) to be affected by treatments; HELM (5%) had fewer carcasses classified as 3, medium carcass fat cover, compared to CTR (14.5%) and HE (22.5%).
Meat pH was greater (P < 0.05) for HE than for CTR and HELM (Table 5) . However, no differences among treatments were observed in other meat quality measurements such as instrumental meat color or instrumental subcutaneous (s.c.) fat color, WBSF at d 0 and 7, and percentages of collagen, i.m. fat, moisture, and protein (Table 5) .
No differences were observed in 9-10-11 rib weight between CTR and HE steers (Table 6 ). However, the rib weight was less (P < 0.05) for HELM than for CTR and HE. Steers receiving HE had a lower (P < 0.01) percentage of separable LM than CTR and HELM steers. No differences were observed among treatments in the percentage of separable s.c. fat, remaining lean, intermuscular fat, and bone. The most abundant FA in LM (data not shown) were cis-9-18:1 (32.0% ± 0.45%), 16:0 (27.5% ± 0.33%), and 18:0 (16.9% ± 0.48%). No differences were observed in the concentration of 16:0 in LM among treatments. However, the concentration of 18:0 in LM was greater (P < 0.001) in HELM (18.5% ± 0.48%) than in CTR (16.0% ± 0.48%) and HE (16.2% ± 0.48%) steers. In contrast, the proportion of cis-9-18:1 in LM was lower (P < 0.05) in HELM (31.1% ± 0.45%) than in CTR (32.9% ± 0.45%) and HE (32.1% ± 0.45%) steers. Furthermore, the concentrations of trans-9-18:1 were 62.5% and 72.7% less (P < 0.001) in LM of HELM (2.9% ± 0.29%) than in LM of HE (5.1% ± 0.29%) and CTR (4.8% ± 0.29) steers. Proportions of total PUFA, omega-3, and omega-6 did not differ among treatments. However, LM of HELM steers had a greater (P < 0.01) proportion of saturated and less (P < 0.01) monosaturated FA (42.3% ± 0.56% and 51.7% ± 0.64%, respectively) than CTR (45.4% ± 0.56% and 48.8% ± 0.64%, respectively) and HE (43.9% ± 0.56% and 49.7% ± 0.64%, respectively) steers. Differences among treatments were only observed in the FA percentage, but no differences among treatments in FA content in the LM were found.
DISCUSSION
The reduction in concentrate intake observed in HE steers compared with CTR steers was expected, and it was probably due to an increase in fat or energy content of the concentrate (Allen, 2000; Choi et al., 2000) . Dietary fat inhibits abomasal motility (Nicholson and Omer, 1983) , which may limit feed intake because of an increased distention of the reticulum (Grovum, 1979) . Alternatively, DMI is regulated by energy needs; as energy density of high-concentrate diets increases, intake tends to decrease (Krehbiel et al., 2006) . Although HE consumed less concentrate than CTR steers, the estimated energy intake throughout the study was similar between these 2 treatments (20.0 and 19.9 Mcal/d for CTR and HE, respectively), and consequently, the final BW of HE and CTR steers did not differ. However, in HELM steers the reduction of feed intake compared with CTR (15.7%) and HE steers (10.3%) concomitantly decreased ME intake (17.9 Mcal/d in HELM) compared with HE (19.9 Mcal/d) and CTR (20.0 Mcal/d) steers. As a consequence, the growth rate of HELM steers was reduced, resulting in a reduced final BW compared with the other treatments. Similar results were observed by when feed intake was limited by 10%; however, the reduction in ADG observed in the present study, when meal size was limited, was less when compared to the study of . To our knowledge, no other studies have been published in which meal size was limited in steers. Table 4 . Carcass quality of LM from Holstein steers fed a control diet for ad libitum intake (CTR), a high-energy diet for ad libitum intake (HE), or a high-energy diet with the meal size restricted to 0.6 kg/meal (HELM) Means within a row not bearing a common letter differ (P < 0.05).
1 Fat cover classified as 1 (low) describes none to low fat cover, whereas 5 (very high) describes an entire carcass covered with fat and with heavy fat deposits in the thoracic cavity.
2 Carcasses classified as O (fair) present profiles straight to concave and with average muscle development, whereas carcasses classified as P (poor) present all profiles concave to very concave with poor muscle development. Table 5 . Meat quality of LM of Holstein steers fed a control diet for ad libitum intake (CTR), a high-energy diet for ad libitum intake (HE), or a high-energy diet with the meal size restricted to 0.6 kg/meal (HELM) Means within a row not bearing a common letter differ (P < 0.05).
The limitation of the meal size for HELM could explain the 26.8% increase in the number of daily meals compared with the other treatments. Surprisingly, total daily concentrate consumption for HELM was less than for the other treatments that had no restriction on the meal size (CTR and HE), perhaps because feeder occupancy could have limited total daily concentrate consumption. However, the total daily feeder occupancy in HELM steers (22.0 ± 0.06 h) was similar to the other treatments (22.0 ± 0.06 and 22.2 ± 0.06 h for CTR and HE, respectively), and it was below the theoretical daily maximum (24 h). Moreover, no interaction between treatment and time was observed (P = 0.38). Therefore, HELM steers could have increased the number of daily visits at the feeder, increasing the total amount of feed consumed. Reasons to explain why meal-size-limited steers did not increase daily feeder visits are unknown. As discussed later, hormones related to feed consumption indicate that these meal-size-limited steers had a lower satiety level compared with the steers for which meal size was not limited. One possible explanation why HELM steers did not increase visits to the concentrate feeder could be that these animals consumed more straw to become satiated. Straw intake data do not support this hypothesis, but this hypothesis should not be refuted as straw intake data should be interpreted with caution (animals had straw bedding, and with these low straw intakes, data were only crude estimates). We hypothesized that the increase in the number of daily meals observed in HELM steers could improve feed efficiency compared with the HE steers. However, contrary to our initial hypothesis, no improvement in feed efficiency was observed when meal size was limited in steers fed high-energy diets, as total daily feed consumption and ADG were less for HELM compared with HE.
Steers with a limited meal size had a more stable eating pattern throughout the study compared with steers for which meal size was not limited (CTR and HE), as evidenced by the smaller CV of the different eating pattern parameters for HELM than for HE and CTR. In the literature, there are contradictory results regarding the effects of CV of meal size or concentrate daily intake on growth performance and efficiency, and the extent to which feeding behavior influences animal performance remains to be defined (Schwartzkopf-Genswein et al., 2011) .
Ghrelin plays a role in controlling feeding behavior and energy homeostasis. Previous studies have demonstrated that plasma ghrelin concentration increases with an acute feed deprivation or with a prolonged moderate nutrient restriction (Wertz-Lutz et al., 2006 . It could have been expected that steers on the HELM treatment, because they had the limited meal size and total concentrate (energy) consumption was reduced, would have a reduced serum ghrelin concentration compared with steers on the other treatments. However, Sugino et al. (2002 Sugino et al. ( , 2004 indicated that plasma ghrelin concentration changed very little in animals fed for ad libitum intake. Total daily feed intake was not limited in HELM steers, probably explaining the lack of differences in serum ghrelin concentrations among treatments. Moreover, in the present study, serum ghrelin determination corresponded to total serum ghrelin in contrast to the studies of WertzLutz et al. (2006 WertzLutz et al. ( , 2008 and Sugino et al. (2002 Sugino et al. ( , 2004 , where the biologically active form was determined; this could also explain the lack of agreement between the present study and the abovementioned studies. The basal plasma leptin concentration typically increases with increasing adiposity (Houseknecht et al., 1998; Geary et al., 2003) . In agreement with previous reports (Houseknecht et al., 1998; Geary et al., 2003) , carcass weight and fat cover (i.e., adiposity) were lower in HELM steers than in steers on the other treatments. In addition, it has been reported that acute changes in nutrient supply or complete food deprivation caused a rapid fall in plasma leptin concentration (Ingvartsen and Boisclair, 2001; Marie et al., 2001) . In contrast to the data observed in serum ghrelin concentration, the reduction (tendency) in serum leptin concentration observed for HELM compared with the other treatments could also indicate that the animals suffered some degree of food deprivation. Cholecystokinin has been shown to be a potent satiety factor in ruminants (Della Fera and Baile, 1979) through the regulation of meal size (Choi et al., 2000) . In the present study, the concentration of serum CCK of HELM steers was less than that of HE steers, indicating that HELM and HE steers probably did not reach the same satiety level. Moreover, Choi et al. (2000) observed that cows fed high-fat diets had greater plasma CCK concentration. In agreement with Choi et al. (2000) , in the current study steers fed a high-fat Table 6 . Rib section (9-10-11 rib) based on Hankins and Howe (1946) for Holstein steers fed a control diet for ad libitum intake (CTR), a high-energy diet for ad libitum intake (HE), or a high-energy diet with the meal size restricted to 0.6 kg/meal (HELM) concentrate for ad libitum intake (HE) had greater serum CCK concentration and greater fat intake (0.48 kg/d) than meal-size-limited steers (HELM) that consumed, on average, 0.43 kg/d of fat. In addition, CCK secretion is stimulated by the presence of increasing carbohydrate supply reaching the cells of the small intestine (Moran and Dailey, 2011) , which might explain why no differences in serum CCK concentration were observed between CTR and HE. Although the type of nutrient (fat, protein, carbohydrates) may have differed, total daily energy intake was similar between CTR and HE. Glucagon-like peptide-1 is another incretin hormone that may play a role in the regulation of eating behavior (Turton et al., 1996) . Bradford et al. (2007) proposed the hypothesis that elevated serum GLP-1 concentrations contribute to depression of feed intake when unsaturated FA flow to the small intestine increases. In contrast to the results herein, we expected that serum GLP-1 concentration in HE steers would be greater than that of CTR steers. In addition, when meal size was limited (HELM), serum GLP-1 concentration was lower compared with the treatments where meal size was not limited. These results may indicate that serum GLP-1 concentration was more sensitive to total energy intake than to the type of nutrients (unsaturated FA intake was similar between CTR and HE steers and was greater than in HELM steers). Serum glucose concentration tended to be lower in the meal-size-limited steers (HELM) that consumed less daily energy compared with the other 2 treatments where steers were not meal size limited. These data are in agreement with Montoro et al. (2012) , who reported that postfeeding serum glucose and insulin concentrations were greater in well-fed calves than in fasted calves. In contrast to the present study, did not observe differences in serum glucose and insulin concentration when comparing steers fed high-concentrate diets for ad libitum intake with steers submitted to an intake restriction of 30% for 14 d. However, in agreement with the present study, Schoonmaker et al. (2003) observed a decrease in serum glucose and insulin concentration when intake by steers was restricted by 46% for 100 d. Differences among studies may be related to the degree of feed restriction (quantity of reduction and days on restriction) as well as the type of diet (energy density, energy source, etc.). In summary, serum concentrations of CCK, GLP-1, and leptin and the insulin-to-glucose ratio could indicate that meal-size-limited steers fed a high-energy (fat) diet would not reach the same satiety level compared with steers with no meal size limitation fed either highenergy (fat) or moderate-energy (fat) concentrates. Steers fed HELM had a poorer carcass quality (carcass fat cover and conformation) compared with the steers without meal size limitation (high fat or moderate fat), probably because of a reduction of daily energy consumption, as discussed above. Although carcass fat cover differed, i.m. fat or fat distribution in the rib section did not differ among treatments. Smith and Crouse (1984) reported that glucose provides 50% to 75% of the acetyl units for in vitro lipogenesis in the i.m. fat depot. Elevated blood glucose and insulin may be key in triggering i.m. adipocyte development in young calves (100 to 200 d of age). In the present study, steers on the HELM and HE treatments had a lower insulin-to-glucose ratio compared with CTR steers; thus, it was expected that there would be less i.m. fat in HELM and HE steers than in CTR steers. De novo FA synthesis by elongation of 16:0 or direct FA incorporation can be an alternative source of FA for i.m. fat; however, the FA profile did not differ much among treatments. The most abundant FA in LM lipid were cis-9-18:1 (32%), 16:0 (17%), and 18:0 (17%), as previously reported (Jenkins, 1993) . Major FA in the concentrates (data not shown) were 16:0, cis-9-18:1, and cis-9, cis-12-18:2 concentrations. Differences between the concentrate and LM in the proportions of 18:0 and cis-9-18:1 suggest that unsaturated dietary FA had undergone extensive biohydrogenation by rumen bacteria (Sauvant and Bas, 2001 ), although 18:0 is also synthesized de novo by elongation of 16:0 (Enser, 1984) . When meal size was restricted, the FA profile of i.m. fat did not differ greatly from the FA profile of the steers not meal size restricted (either high or moderate fat). Thus, when meal size was limited, it mainly affected the fat (energy) availability for animal growth and altered the serum concentration of some hormones related to feed regulation and body adiposity with little impact on i.m. fat deposition (amount and profile). The reasons why this happened are unknown. In contrast to the present results, observed that restricting total feed intake to 90% (similar to the reduction of feed intake observed in the present study when limiting meal size in feed intake between HE and HELM steers) decreased i.m. fat without affecting carcass quality and fat cover. In agreement with the present study, Schoonmaker et al. (2003) observed no differences in i.m. fat content when steers were restricted compared with steers fed for ad libitum intake. However, in both studies Schoonmaker et al., 2003) , animals were slaughtered at different days on feed to achieve the same carcass weight; thus, the effects of feed restriction and days on feed were confounded. Last, in agreement with , in the present study, the separable LM in the 9-10-11 rib cut represented a greater percentage for HELM than for HE. This result was not expected because there is a strong relationship between ADG and area of the LM (DeVuyst et al., 2011) .
In conclusion, in Holstein steers, when high-concentrate diets were supplemented with fat (palm oil), increasing ME from 3.23 to 3.43 Mcal/kg, concentrate feed efficiency was improved, and concentrate consumption was reduced. However, growth rate, carcass weight, conformation or fat cover, and meat quality did not improve, and small changes in the intramuscular FA profile were observed.
It was hypothesized that limiting meal size without limiting total daily feed consumption in steers fed highenergy diets (3.43 Mcal/kg) could improve growth rate and feed efficiency. However, even if this nutritional strategy (restricting the meal size of high-energy density concentrate) improved feed efficiency compared with steers fed moderate-energy density concentrates for ad libitum intake, carcass weight and quality were reduced compared to those of steers whose meal size was not limited. Meat quality was not affected by this strategy, and only small changes in intramuscular FA profile were observed. The serum concentration of hormones influencing voluntary feed intake and adiposity could indicate that the level of satiety was lower in steers submitted to a restriction of meal size compared with those whose meal size was not limited.
